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⌫µ CC candidate in ArgoNeuT ⌫µ CC candidate in MINERvA

Experimental Overview of 
Neutrino-Nucleus Scattering!



Outline!
•  Why do we need to measure neutrino-nucleus 

scattering? 

•  Recent measurements from:  
– MiniBooNE 
– MINERvA 
– ArgoNeuT 
– T2K 

•  Future possibilities  
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First, a Question!
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Physicists have been scattering 
neutrinos off nuclei and studying 
what happens for decades"

Why are we still doing this!?!"

FNAL  
15-ft 
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Physics of GeV ν-N Interactions!
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Models of nucleons 
within the nucleus 

(Relativist Fermi Gas,
spectral functions,

nucleon correlations, …)

Cross section models for all exclusive
ν-nucleon interaction channels

(elastics, resonance productions, DIS …)

Final state interaction models 
which alter the hadronic final 

state (rescattering, absorption, 
charge exchange, …) 
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Physics of GeV ν-N Interactions!
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within the nucleus 
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spectral functions,

nucleon correlations, …)
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charge exchange, …) 



Physics of GeV ν-N Interactions!
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Neutrino Sources!
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modified	  graphic	  from	  Intensity	  FronKer	  summary	  talk,	  Snowmass	  2013	  
original	  from	  J.A.	  Formaggio	  and	  G.P.	  Zeller,	  Rev.	  Mod.	  Phys.	  84,	  1307-‐1341,	  2012	  
	  



Neutrino Targets!
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Accelerator"
experiments"
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GeV	  

Accelerator"
experiments"

⌫µ

QE  – charged-current quasi-elastic:!
RES – excite a nucleon resonance, decays to pions & nucleons!
DIS – scatter off quarks instead of nucleon, high multiplicity !

⌫̄p ! `+n⌫n ! `�p
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Accelerator"
experiments"
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DIS – scatter off quarks instead of nucleon, high multiplicity !
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Accelerator-based experiments 
carried out in a sweet spot 

of maximally !
complicated nuclear effects 
in neutrino interactions!!

For	  more	  quanKtaKve	  look	  at	  
impact,	  see	  Pilar	  Coloma’s	  
talk	  later	  in	  this	  session	  



In Summary: Nuclear Physics 
Meets Neutrino Physics!
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In Summary: Nuclear Physics 
Meets Neutrino Physics!
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The results I will highlight 
today are steps toward 

understanding how the nuclear 
environment alters the models of 
neutrino scattering we have been 

using for decades.!

CC inclusive, CC quasi-elastic, 
studies of final state nucleons   !



Relativistic Fermi Gas For Nucleus!

•  Nuclear model in neutrino scattering 
event generators same since 1970s 

•  In the Impulse Approximation, scatter off 
independent single nucleons incoherently 
summed over all nucleons in the nucleus 
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Smith,	  R.	  A.,	  and	  E.	  J.	  Moniz,	  1972,	  Nucl.	  Phys.	  B43,	  605.	  
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Relativistic Fermi Gas For Nucleus!

•  For quasi-elastic scattering, if we further 
assume the nucleon is at rest, we can 
determine Eν and Q2 from lepton 
kinematics only (“2-body interaction”) 

–  Technique used by many oscillation 
experiments, particularly when blind 
to the hadronic final state 
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But Is It Good Enough?!
•  Both theory and experimental hints tell us that it is not 

•  Nucleon-nucleon interactions and 2-body currents are ignored 

–  RPA effects (‘nucleus as a whole’) expected to suppress rate at low Q2 

–  NN correlations such as meson exchange currents (MEC) which may 
enhance part of the cross section significantly 

•  Correlated nucleon(s) may be ejected when partner is scattered by a probe 

•  This change on the hadronic side of the interaction impacts the kinematics 
and spoils your neutrino energy estimation 

–  For A ≥ 12 short range correlations (SRC) affect ~20% of nucleons 

•  These can lead to nucleon momentum well above the Fermi sea cutoff  

•  Again, multi-nucleon emission and impacted                                        
energy reconstruction are consequences 
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See	  Jan	  Sobczyk’s	  theory	  
summary	  coming	  up	  next	  



Transverse and Longitudinal Strength!

•  Impact of correlations seen in electron scattering data 
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J.	  Carlson,	  et	  al.,	  PRC	  65,	  024002	  (2002)	  

�0 =

p
⇥2 + 2M⇥ � q

kF

ω  = energy transfer to nucleus!

q  = 3-momentum transfer to nucleus!

 0

RL	  =	  RT	  	  
for	  RFG	  of	  

independent	  
nucleons!	  	  

RT

RL

NN	  corr	  (MEC)	  

Transverse	  vs.	  
longitudinal	  	  

cross-‐secKon	  in	  
electron	  QE	  

scacering	  on	  4He	  



Short Range NN Correlations!

•  Electron scattering 
–  Measurements on 12C indicate 20% 

correlated nucleons with mostly np 
pairs in the initial state 

•  Neutrino scattering 
–  Implies final states in neutrino 

scattering of nn in antineutrino and 
pp in neutrino CC scattering 

–  For other forms of correlation, final 
state depends on model 

–  Of course, strongly coupled to Final 
State Interactions when interpreting 
neutrino scattering data 
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R. Subedi et al., 
Science 320, 1476 
(2008) 
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Impact For Neutrino Experiments!

David	  Schmitz,	  UChicago	   NuFact	  2013,	  19-‐24	  August,	  2013	   22	  

MarKni	  et	  al.	  arXiv:1211.1523	  

mulK	  
nucleon	  

mulK	  
nucleon	  	  

single	  
nucleon	  

	  

Also: 	  J.	  Sobczyk	  arXiv:1201.3673,	  	  
	  Lalakulich	  et	  al.	  arXiv:1208.3678, 	  	  
	  Nieves	  et	  al.	  arXiv:1204:5404	  

Recall,	  up	  to	  
20-‐30%	  of	  events	  
off	  correlated	  pairs	  

KinemaKc	  



Elements of a ν-N Program!
1.  Span of neutrino energies (~100 MeV to 10 GeV) 

–  With minimized flux uncertainties (spectrum and normalization) 

2.  Range of nuclear targets 
3.  High resolution detectors 

–  Good resolution of leptonic and hadronic sides of the final state 

4.  Differential cross sections è statistics  
–  Required to untangle underlying physics and validate models 

5.  Close collaboration with theoretical community 
•  Much of this physics is at the cross roads of particle and nuclear 
•  Improvement of event generators is key to utilizing in osc. experiments 
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New Results in 2013!
•  MiniBooNE: antineutrino charged-current quasi-elastic 

differential cross sections on carbon 

•  MINERvA: neutrino and antineutrino charged-current quasi-
elastic dσ/dQ2 on carbon 

•  ArgoNeuT: detailed studies of proton multiplicities in 
charged-current interactions on argon 

•  T2K ND280: neutrino charged-current inclusive differential 
cross sections on carbon  
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PRD	  	  88,	  032001	  (2013)	  	  

PRL	  111,	  022501	  (2013)	  
PRL	  111,	  022502	  (2013)	  	  

PRD	  87,	  092003	  (2013)	  	  

PRL	  108,	  161802	  (2012)	  
+	  preliminary	  proton	  data	  
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NuMI Low Energy Beam, FTFP

NuMI Beamline 

• 120 GeV P  Beam  →  C  target →  π+ − & K+  − 
• Have roughly 35x1012 protons on target (POT) per 

spill at 120 GeV with a beam power of 300-350 kW at 
~0.5 Hz 

• 2 horns focus π+ and K+ only 
• Mean Eincreased  by moving target and one horn

• π+ and K+ →  μ+νμ 
• Absorber stops hadrons not 
• absorbed by rock, →  detector

 S. Manly - Univ. of Rochester 7 

μ+ π+ 

figure  courtesy  Ž.  
Pavlović 

νμ 

HEP 2012, Valparaiso, Chile, Jan. 4-10, 2012 

Muon Monitors

BooNE	   T2K	   NuMI	  
8	  GeV	  p+beryllium	   30	  GeV	  p+carbon	   120	  GeV	  p+carbon	  

HARP	  π	  prod.	   NA61	  π/K/p	  prod.	   NA49	  158	  GeV	  p	  prod.	  

2nd	  interacKons	  <	  10%	   2nd	  interacKons	  ~	  35%	   2nd	  interacKon	  >	  40%	  

configurable	  beamline	  

≥	  9%	  uncertainty	   10-‐15%	  uncertainty	   10-‐15%	  uncertainty	  

Flux predictions a 
tough problem for all 
super beam facilities.  !

Heroic progress, 
really.!

See	  WG2	  talks	  from	  A.	  Korzenev	  (NA61),	  J.	  Paley	  (MIPP)	  
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⌫µ
T2K	   BooNE	   NuMI	  
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•  CH2 target 

•  4π detector, complete angular 
coverage 

•  Good lepton reconstruction & 
pion rejection 

•  Essentially blind to details of 
the nucleon final state in CC 
events 
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•  MiniBooNE has been a prolific producer of neutrino-carbon cross section 
measurements in the ≤1 GeV region 
–  CCQE MA – PRL 100, 032301 (2008) 

–  NC π0 – PL B664, 41 (2008) 

–  CC π+/QE – PRL 103, 081801 (2009) 

–  NC π0 – PRD 81, 013005 (2010) 

–  QE – PRD 81, 092005 (2010) 

–  NC elastic – PRD 82, 092005 (2010) 

–  CC π0 – PRD 83, 052009 (2011) 

–  CC π+ – PRD 83, 052007 (2011)  

–  Antineutrino QE – PRD 88, 032001 (2013) 
–  CC inclusive and antineutrino NC elastic coming soon 

See	  Zarko	  Pavlovic’s	  talk	  
from	  WG2	  on	  Tuesday	  

Several examples of 
first measurements of 
differential cross 

sections
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First Measurement of the Muon 
Antineutrino Double-Differential Charged-

Current Quasielastic Cross Section
PRD 88, 032001 (2013) 

⌫̄µ + p ! µ

+ + nucleons

Largely model 
independent 

measurement of 
muon kinematics

d2�

dTµd(cos ✓µ)
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•  Strong conclusions about the RFG model: 
–  “It is clear in Fig. 9 [right] that the RFG model 

assuming MA ~ 1 GeV does not adequately 
describe these data in shape or in 
normalization.”  

–  “Consistent with other recent CCQE 
measurements on nuclear material, a 
significant enhancement in the normalization 
that grows with decreasing muon scattering 
angle is observed compared to the 
expectation with MA = 1.0 GeV.”  

First Measurement of the Muon 
Antineutrino Double-Differential Charged-

Current Quasielastic Cross Section
PRD 88, 032001 (2013) 

⌫̄µ + p ! µ

+ + nucleons
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⌫µ ⌫̄µ
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MINERνA!

MINERvA detector comprised of 120 modules of varying composition 
stacked along the beam direction. Finely segmented tracking   
(~32k channels) with nuclear targets (C,CH,Fe,Pb,He,H2O)   

MINOS ND serves as 
muon spectrometer

See	  WG2	  talks	  from	  	  
C.	  Marshall,	  A.	  Higuera,	  	  

A.	  Bravar	  
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MeV	
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Recoil	  Energy	  
Region	  

Recoil	  Energy	  
Region	  

Vertex	  Energy	  

Vertex	  Energy	  

�µ + n ! µ� + p

�̄µ + p ! µ+ + n

Fiducial	  volume:	  	  	  
5.57	  tons	  scinTllator	  (CH)	  

Fiducial	  volume:	  	  	  
5.57	  tons	  scinTllator	  (CH)	  

charged-‐current	  quasi-‐elasKc	  scacering	  
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GENIE	  	   	   	   	   	   	  independent	  nucleons	  in	  a	  mean	  field	  (MA	  =	  0.99	  GeV)	  
MA	  =	  1.35	  GeV	  	   	   	   	  best	  fit	  to	  MiniBooNE	  data	  
SF	  	   	   	   	   	   	   	  improved	  nucleon	  momentum-‐energy	  relaKon	  
TEM	  	   	   	   	   	   	  empirical	  model	  based	  on	  electron	  scacering	  data	  
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Transverse Enhancement Model!
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RT =
QEtransverse + TE

QEtransverse

Fits	  in	  Q2	  bins	  

 0

Bodek,	  Budd,	  Christy,	  Eur.	  
Phys.	  J.	  C	  71:1726	  (2011),	  

arXiv:1106.0340	  

An attempt to 
parameterize 
this feature 
we saw in 
electron 

scattering!

J.	  Carlson,	  et	  al.,	  PRC	  65,	  024002	  (2002)	  

Applied as modifications of the  
magnetic form factors for  

bound nucleons!

Gp
M (Q2)

Gn
M (Q2)

TE	  
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Vertex Energy!

•  A harder spectrum of vertex energy is observed in neutrinos 

•  All systematics considered, including energy scale errors on charged hadrons 
and FSI model uncertainties  

•  At this point, we make the working assumption that the additional vertex 
energy per event in data is due to protons    
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⌫µ ⌫̄µ
r < 30 cm

r < 10 cm

MINERνA!
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Vertex Energy!
•  Examine annular rings around the reconstructed vertex 

–  Out to 10 cm for antineutrino (~120 MeV proton)  

–  Out to 30 cm  for neutrino (~225 MeV proton) 
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Evis in that 
annulus vs. 
true KEproton!

Note: to add visible energy to an inner 
annulus you must add a charged hadron, not 
just increase energy of an existing one!
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Vertex Energy!
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Vertex Energy!
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Find that adding an 
additional low-energy proton 

(KE < 225 MeV) to !
(25 ± 9)% of QE events 

improves agreements with 
data!

⌫µ

Proton Kinetic Energy (MeV)
0 50 100 150

Fr
ac

tio
n 

of
 C

C
Q

E 
ev

en
ts

-0.2

0

0.2

 0.07± 0.01 ±Sum of bins: -0.10 
 CCQE� Tracker � "A �MINER

No such addition required 
for antineutrinos. Slight 
reduction if anything.!

(-10 ± 7)% of QE events!
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•  Liquid argon time projection chambers offer a 
great opportunity for neutrino physics, including 
detailed study of neutrino-nucleus scattering 

•  ArgoNeuT detector exposed to NuMI beam 
–  0.085e20 POT neutrino mode 

–  1.2e20 POT antineutrino mode 

Wire	  number	  

Dr
ip
	  K
m
e	  

CollecKon	  plane	  

InducKon	  plane	  

InducKon	  plane	  

CollecKon	  plane	  

  First TPC in a neutrino beam in the US. 
  Located between MINOS near detector (ND) 

and MINERvA. 
  Sitting in NuMI beam - Neutrinos at the Main 

Injector 
  Use MINOS ND as muon spectrometer 

4 

TPC	  Volume: 	  175	  L	  
Wire	  Pitch: 	  4	  mm	  
Max	  Drip: 	  0.5	  m	  (330	  µs)	  
Electric	  Field: 	  500	  V/m	  

See	  Tingjun	  Yang’s	  
talk	  from	  WG2	  	  
on	  Tuesday	  
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Raw	  Data	  
3D	  Tracks	  

stopping	  point	  

Contained	  proton	  

Providing test bed for event 
reconstruction development!

Preliminary	  

Preliminary	  

dE/dx	  vs.	  residual	  range	  

proton threshold:  
Tp > 21 MeV 
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µ+ + 1p



David	  Schmitz,	  UChicago	   NuFact	  2013,	  19-‐24	  August,	  2013	   47	  

µ-‐	  
interacKon	  vertex	  

µ� + 0p

de-‐excitaKon	  γs	  
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µ+ + 2p
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νµ	  –	  anTneutrino	  mode	  run	   νµ	  –	  anTneutrino	  mode	  run	  

ArgoNeuT	  data	  	  
GENIE	  

ArgoNeuT	  data	  	  
GENIE	  

Preliminary	   Preliminary	  

Low threshold allows 
model independent 
reconstruction of 

complete final state 
for detailed testing!

of models!

proton	  mulKplicity	  in	  CC	  events	   proton	  mulKplicity	  in	  CC	  events	  

proton	  mulKplicity	  in	  CC	  events	  

⌫µ⌫̄µ

⌫̄µ
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Preliminary	  

E⌫ = Eµ +
X

Tp
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The total cross section result is obtained by taking the full phase space, including the backward going region and assigning the corresponding 
systematic error.  For the backward going angle, we extrapolate based on the NEUT prediction.

We consider 5 systematic error sources: 

‣ The flux systematic has been computed by using Na61 and other measurements. 

‣ The cross section modeling systematic has been estimated by comparing NEUT to external data (e.g. MiniBooNE) and varying models 
within NEUT and other generators.

‣ The detector response systematic has been estimated by data/MC comparison in cosmic and beam samples.

‣ The unfolding algorithm systematic has been estimated by unfolding with the NEUT MC the NEUT MC itself.

‣ The number of target nucleons is calculated based on measurements of the FGD while it was assembled. It is a 0.67% error

NuMu Inclusive Charged Current Flux Averaged 
Cross Section Measurement at the T2K Near Detector 

The T2K collaboration presents its first cross-section measurement using near detector (ND280) data at J-PARC (Tokai). Events are inclusively selected for the 
existence of a muon. The measurement is given as a flux-averaged differential cross-section in muon momentum and angle (2D). The flux is given by the beam MC 
and tuned to in-situ and external data, including the NA61 experiment. Data were taken in 2010 (run I) and 2011 (run II), comprising a total of 10.796 x 1019 
protons on target.  A total of 4485 inclusive charged current interaction candidates were selected in the first fine-grained scintillator detector of ND280 (FGD1).

Abstract

Melody Ravonel Salzgeber for the T2K Collaboration

http://www.t2k-experiment.org

Systematic uncertainties are estimated in most cases by re-weighting the MC, including all correlations between underlying parameters.
The RMS of the difference between the result obtained with the re-weighted MC and the nominal MC for a given systematic source, is the 
error of this contribution.

Cross-section modeling and flux are the main source of systematic errors. One of the biggest contributions to the cross-section uncertainty 
comes from the differences between the nuclear spectral function (implemented in NuWRO) and the Relative Fermi Gas model used by 
NEUT.  While for the flux, secondary nuclear interactions is dominant, the main contribution of the detector response systematic is due to 
events from outside the fiducial volume.  The algorithm, number of target and FSI systematic error are almost negligible compared to the main 
sources. 

 

      Overview of the T2K experiment, where a high intensity beam of  νµ is created at Tokai and sent 300 km under 
ground to the water Cherenkov detector Super-Kamiokande.

In the T2K long baseline neutrino oscillation experiment, a high 
intensity neutrino beam (<E>= 850 MeV) is created by a 30 GeV 
proton beam impinging on the 90 cm long T2K graphite target. 

We use the data accumulated in 2010 and 2011 corresponding to a 
total integrated flux of 2.09 x 1012 cm-2/POTrun1+run2

For the oscillation analysis, the main role of ND280 is to measure the 
flavor-tagged neutrino event rates at a location where the long 
baseline oscillation is very small.

ND280 can also provide good cross section measurements using the 
flux calculations, based on NA61/SHINE data, performed in view of the 
oscillation analyses. Since the best measured quantities for each event 
are the muon momentum and angle (not the reconstructed energy) 
we produce a largely model independent cross section measurement 
in terms of these muon kinematic variables.

For the first measurement at ND280, we choose the νμCC inclusive 
channel on scintillator (86% carbon) target, as this channel allows for 
high-statistics event selections with good purity.

The measurement is given in terms of the muon momentum and angle which is the most direct representation of our data. 
Given our flux prediction at the near detector, this result tries to answer the requirement asked by theorists to test their most up-to-date 
models.

The differential cross section is shown here only for forward-going angles, where we have most of our acceptance. The data has been unfolded 
with NEUT. Unfolding the data with GENIE gives similar result up to 1% for all forward bins. 

The total number of target nucleons is 5.5 1029 for a scintillator mainly composed of carbon (C86%, O3.7%, H7.4%, Ti1.7%, Si1%, N0.1%).

Overview of the off-axis Near Detector
Figure 5.6: An exploded view of the ND280 o�-axis detector

5.3.3 Side Muon Range Detector (SMRD)13

Goal14

The SMRD performs multiple functions:15

• It records muons escaping with high angles with respect to the beam direction and measures their16

momenta.17

• It triggers on cosmic ray muons that enter or penetrate the ND280 detector.18

• It helps identify beam-related event interactions in the surrounding cavity walls and the iron of the19

magnet.20
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     CCQE event candidate in the tracker region of the 
near detector. Muon reconstructed angle 40° and 
reconstructed momentum: 566 MeV/c
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The T2K Near Detector (ND280)

‣ At least one negative track in the TPC

‣ The track starts in fiducial volume of the FGD1

‣ dE/dx compatible with the muon hypothesis

The Selection
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Differential cross-section results given in cm2/nucleon/MeV. The different sources of error are shown explicitly. Each graph represents one 
bin angle. The labels are defined as: T: Number target error, FSI: Final State Interaction error, det. : Detector response error, x-s: Cross 
section modeling error, ϕ: Flux error, algo : Algorithm error, stat: Statistical error.

Total Cross Section ResultDifferential Cross Section Measurement

# of  interactions
in true bin

flux# of target 
nucleons

With a binning small enough, the di⇥erential cross-section averaged is then given by,

⇥⌅⇥
⌅b

⇤k =
N int

k

T⇤�bk
(9)

where �bk is the bin width, and ⇥ � ⇥⇥⇤⇥. Following the same principle we get for the 2-dimensional case:

⇥ ⌅2⇥

⌅b1⌅b2
⇤kl =

N int
kl

T⇤�b1,k�b2,l
(10)

⇥ ⌅2⇥

⌅pµ⌅ cos �µ
⇤kl =

N int
kl

T⇤�pµ,k� cos �µ,l
(11)

The cross-section per nucleon for the true bin k and l ⇥k,l is then given by,

⇥kl =
N int

kl

T⇤
(12)

In the case of a perfect detector response, the number N int
k would represent directly the number of events

that we find in a certain reconstructed bin k. However, in practice, this is not the case and it often happens
that events generated in a true bin k end in a di⇥erent reconstructed bin j. Suppose that we have N int

k
events generated in the true bin k and the number of reconstructed events in bin j, N 0

j , is linearly related
to Nk,

N 0
j = AjkNk (13)

The inverse transformation

Nk = A�1
jk N

0
j (14)

that expresses back the number of true events, Nk, in true bin k as a function of the number of reconstructed
events, Nj , in di⇥erent reconstructed bin j, is called unfolding.

An unfolding procedure requires theoretically the inversion of the matrix A. However this method can lead
to statistical fluctuations that are not desirable. In addition, the inverse does not always exist (e.g when
its determinant is null or all its entries are equal). Due to e⇤ciency e⇥ects the matrix A might not be
invertible at all. To avoid this issue, we will use the Bayesian iterative method (based on Bayes’ theorem)
and described by d’Agostini [2].

3 Binning

The binning over initial and final states variables has been set for all the analyses of the T2K near detector
and decided in the scope of the oscillation analysis.

In this analysis, we consider a binning over the final state variables (pµ, cos �µ), as well as a binning over the
initial state variable E� (the true neutrino energy) for a given interaction mode (e.g CCQE, CCRES, etc
...). While the binning over the initial state variables will be use only for systematic propagation, or fake
data studies, the binning over the final state variables will be also used to give the final results, as in Eq. 9.

The (pµ, cos �µ) bins were optimized to provide the best CC inclusive measurement with the amount of
statistics in the data set. Future analyses with larger data sets will use finer binning. For the present
analysis, however, the bins were chosen with several criteria in mind [3]:

5

Differential cross section definition

An unfolding procedure is used to obtain the number of inferred events in a true bin. The 2-dimensional binning is 
converted to a one dimensional binning: (k,l) → k. 

un-smearing 
matrix background

in rec. bin

# of sel. 
events

Unfolding

efficiency

N int
k ⇡ bNk =

Ukj

✏k
(Nsel

j �Bj)

The Method

The Monte-Carlo (MC) is used to generate the neutrino interactions which are fed into the ND280 simulation 
software to map the response of the detector. The relation of the true interactions simulated to the reconstructed 
variables is given by the smearing matrix Sjk or the probability P(j|k). 

Ukj =
Sjk

ntrueX

↵

Sj↵

signal matrix

Ukj ⌘ P (k|j) = P (j|k)P (k)X

↵

P (j|↵)

and can be expressed in terms of 
the smearing matrix

The un-smearing matrix chosen 
for this analysis is based on  Bayes’ 
theorem 

Systematic errors

True binning  k

Reconstructed binning  j 

Pµ (GeV/c) cos �µ index

[0.0, 0.4] [�1, 0] 0
[0, 0.84] 1
[0.84, 0.9] 2
[0.9, 0.94] 3
[0.94, 1] 4

[0.4, 0.5] [�1, 0] 5
[0, 0.84] 6
[0.84, 0.9] 7
[0.9, 0.94] 8
[0.94, 1] 9

[0.5, 0.7] [�1, 0] 10
[0, 0.84] 11
[0.84, 0.9] 12
[0.9, 0.94] 13
[0.94, 1] 14

[0.7, 0.9] [�1, 0] 15
[0, 0.84] 16
[0.84, 0.9] 17
[0.9, 0.94] 18
[0.94, 1] 19

[0.9, 30.0] [�1, 0] 20
[0, 0.84] 21
[0.84, 0.9] 22
[0.9, 0.94] 23
[0.94, 1] 24
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Pµ (GeV/c) cos �µ index

[0.0, 0.4] [�1, 0.84] 0
[0.84, 0.9] 1
[0.9, 0.94] 2
[0.94, 1] 3

[0.4, 0.5] [�1, 0.84] 4
[0.84, 0.9] 5
[0.9, 0.94] 6
[0.94, 1] 7

[0.5, 0.7] [�1, 0.84] 8
[0.84, 0.9] 9
[0.9, 0.94] 10
[0.94, 1] 11

[0.7, 0.9] [�1, 0.84] 12
[0.84, 0.9] 13
[0.9, 0.94] 14
[0.94, 1] 15

[0.9, 30.0] [�1, 0.84] 16
[0.84, 0.9] 17
[0.9, 0.94] 18
[0.94, 1] 19
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The T2K Experiment 
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 Efficiency vs true momentum and angle 

T2K-PRELIMINARY

 Efficiency vs true momentum and angle 

Run #: 4200 Evt #: 24083 Time: Sun 2010-03-21 22:33:25 JST

Total cross section given for a mean neutrino energy of 0.85 GeV, the horizontal bars represent 68% of the flux at each side of the 
mean energy

The Final State Interaction (FSI) contribution in the cross section modeling source is treated separately in a similar way as the detector response 
systematic. 
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where Eq. 16 comes directly from the Bayes’ theorem.1

We will often use the term unsmearing matrix to refer to this probability when considered over all2

true and reconstructed bins. The unsmearing matrix is shown for the first iteration in Fig. 7.3
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Figure 7: Left: Unsmearing matrix after the first iteration (see Eq. 16). Right: E�ciency for the nominal
NEUT MC in the (Pµ, cos ⇥µ) plane (see Eq. 14). The last momentum bin contains the total number of
event from 900 MeV to 30 GeV.

• In Eq. 16, Pm(tk) is simply the updated prior probability to observe an event in the bin tk for the4

m-th iteration:5

Pm(tk) =
Nm

tk
nt⇥

�=1

Nm
t�

(17)

where Nm
tk is given using Eq. 15 for m = m+ 1.6

For simplicity, in the following section, we will use the notation,7

Ukj =
Pm(tk|rj)

�k
, Pjk � P (rj |tk), ⇤Ntk � Nm+1

tk
(18)

In the case of a single iteration, we have:8

P0(tk|rj) =

Sjk

Ntk

Ntk�
� Nt�

�
⇥

Sj⇥

Nt⇥

Nt⇥�
� Nt�

=
Sjk�
�Nt�

1
�

⇥
Sj⇥�
� Nt�

=
Sjk�
⇥ Sj⇥

(19)

The code used to unfold the data is based on the RooUnfold package developed by Tim Adye, Kerstin9

Tackmann, and Fergus Wilson [5]. Several modifications have been brought to the original code such as the10

computation of the statistical error which now take also into account the MC statistical error and not only11

the part coming from the data. The computation of the statistical error is based on the d’Agostini paper12

[2].13

13

Table 19: Di�erential cross-section result for forward angle only, with its statistical and systematic error.
The systematic error on the number of target nucleons is taken into account inside the total systematic
error listed here.

Pµ (GeV/c) cos �µ ⇤ ⌅2⇥
⌅pµ⌅ cos �µ

⌅ cm2

nuclei MeV ⇤ ⌅2⇥
⌅pµ⌅ cos �µ

⌅ cm2

nucleon MeV stat. error (%) syst. error (%)

[0.0, 0.4] [�1, 0] 2.919 ⇥ 10�41 2.412 ⇥ 10�42 2.86 19.81
[0, 0.84] 4.784 ⇥ 10�41 3.955 ⇥ 10�42 5.03 14.53
[0.84, 0.9] 3.895 ⇥ 10�41 3.220 ⇥ 10�42 9.37 17.08
[0.9, 0.94] 3.505 ⇥ 10�41 2.897 ⇥ 10�42 11.82 18.20
[0.94, 1] 3.530 ⇥ 10�41 2.918 ⇥ 10�42 13.78 18.68

[0.4, 0.5] [�1, 0] 0.691 ⇥ 10�41 0.571 ⇥ 10�42 3.52 49.65
[0, 0.84] 9.315 ⇥ 10�41 7.700 ⇥ 10�42 4.27 12.87
[0.84, 0.9] 13.050 ⇥ 10�41 10.787 ⇥ 10�42 8.55 12.58
[0.9, 0.94] 11.594 ⇥ 10�41 9.584 ⇥ 10�42 9.97 12.83
[0.94, 1] 7.425 ⇥ 10�41 6.137 ⇥ 10�42 11.42 14.77

[0.5, 0.7] [�1, 0] 0.055 ⇥ 10�41 0.045 ⇥ 10�42 32.33 49.53
[0, 0.84] 5.152 ⇥ 10�41 4.258 ⇥ 10�42 3.86 11.88
[0.84, 0.9] 14.624 ⇥ 10�41 12.088 ⇥ 10�42 6.18 11.50
[0.9, 0.94] 12.936 ⇥ 10�41 10.693 ⇥ 10�42 7.18 12.57
[0.94, 1] 10.816 ⇥ 10�41 8.940 ⇥ 10�42 7.67 14.95

[0.7, 0.9] [�1, 0] 0.004 ⇥ 10�41 0.003 ⇥ 10�42 28.71 102.77
[0, 0.84] 1.675 ⇥ 10�41 1.385 ⇥ 10�42 5.23 11.86
[0.84, 0.9] 8.206 ⇥ 10�41 6.783 ⇥ 10�42 6.85 12.50
[0.9, 0.94] 8.812 ⇥ 10�41 7.284 ⇥ 10�42 7.57 15.19
[0.94, 1] 9.201 ⇥ 10�41 7.606 ⇥ 10�42 6.90 19.16

[0.9, 30.0] [�1, 0] 0.000 ⇥ 10�41 0.000 ⇥ 10�42 0.00 1.34
[0, 0.84] 0.013 ⇥ 10�41 0.011 ⇥ 10�42 5.88 13.01
[0.84, 0.9] 0.154 ⇥ 10�41 0.127 ⇥ 10�42 6.05 11.65
[0.9, 0.94] 0.280 ⇥ 10�41 0.231 ⇥ 10�42 5.33 11.39
[0.94, 1] 0.912 ⇥ 10�41 0.754 ⇥ 10�42 2.97 11.24

for the result obtained with the GENIE MC only corresponds to the statistical error, while the systematic1

error is included in the result obtained when unfolding with NEUT. We see that all GENIE points are inside2

the NEUT systematic error.3

Taking the total number of inferred events, given in Table 18, we can calculate the integrated flux averaged4

total cross-section dividing this number by the integrated flux and the number of targets with the caveat5

that we trust our model to simulate correctly the backward region. As the systematic error calculations,6

have been done by comparing other experiments that have the full phase space, we are confident that the7

systematic error on these bins are correct.8

We obtain,9

⇤⇥CC⌅⇤ = (8.38± 0.16(stat)± 1.03(syst))⇥ 10�38 cm2

av. nuclei
(74)

⇤⇥CC⌅⇤ = (6.93± 0.13(stat)± 0.085(syst))⇥ 10�39 cm2

nucleons
(75)

where the data agrees well with the MC predicted values that are:10

⇤⇥NEUT
CC ⌅⇤ = 8.78⇥ 10�38 cm2

av. nuclei
⇤⇥NEUT

CC ⌅⇤ = 7.26⇥ 10�39 cm2

nucleons
(76)
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Figure 26: Di�erential cross-section results with systematic and statistical error bars together. The di�er-
ential cross-section is given in cm2/nucleon/MeV. Each graph corresponds to a bin angle.

⌅�NEUT
CC ⇧� = 8.78� 10�38 cm2

av. nuclei
⌅�NEUT

CC ⇧� = 7.26� 10�39 cm2

nucleons
(76)

⌅�GENIE
CC ⇧� = 8.09� 10�38 cm2

av. nuclei
⌅�GENIE

CC ⇧� = 6.68� 10�39 cm2

nucleons
(77)

From this result, we observe that data agrees better with GENIE than with NEUT. This might suggest that1

prediction with MA ⇥ 1 are more accurate than prediction for MA > 1. Since the result agree with both2

generators, inside the error bars, no real conclusion can be made on that subject. It can be shown that3

previous flux were underestimating the MC, allowing better agreement with NEUT than with GENIE. The4

application of the tuned flux 11bv3.1, increases the flux in general along the phase space. Because of the5

big flux uncertainty, that we still have, a better agreement with one of the MC cannot show any conclusion6

in the intrinsic modeling of the generator.7

To compare with other experiment, it can be useful to calculate the mean energy of our flux, that is 0.858

GeV. Fig. 29 shows the T2K total cross-section result together with the other experiments. We see that the9

NEUT prediction, in green, for the T2K experiment corresponds to the NEUT prediction for the SciBooNE10

experiment. The good agreement between the two predictions gives us confidence that no major mistake11

has been made computing the result. However, it does not shelter us from any mistake. The horizontal bar12

for the T2K point has been calculated by first finding Emin and Emax corresponding to 68 % of the total13

flux with an energy bigger/smaller than the mean energy,14

� Emax

0.85
⇥�(E)
⇥E dE

�⇥
0.85

⇥�(E)
⇥E dE

= 68% ⇤ Emax = 1.4 GeV (78)
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FIG. 1. A schematic view of the T2K neutrino beamline and near detectors.

mesons before they enter a 96 m long steel decay volume
filled with helium. The mesons decay predominately into
highly boosted muons and muon neutrinos, which prop-
agate roughly in the direction of the decaying mesons. A
beam dump stops most of the particles in the beam that
are not neutrinos. Some high-energy muons pass through
the beam dump and are observed by the muon monitor,
providing information used to track the beam direction
and stability. The analysis presented in this paper uses
the data taken before March 2011, comprising a total of
10.8× 1019 protons-on-target (POT).

B. Neutrino flux prediction

A detailed description of the neutrino flux predic-
tion can be found in [6]. A FLUKA2008 [7, 8] and
GEANT3.21/GCALOR [9, 10] based simulation mod-
els the physical processes involved in the neutrino pro-
duction, from the interaction of primary beam protons
in the T2K target, to the decay of hadrons and muons
that produce neutrinos. The simulation uses T2K proton
beam monitor measurements as inputs. The modeling
of hadronic interactions is re-weighted using thin target
hadron production data, including recent charged pion
and kaon measurements from the NA61/SHINE experi-
ment [11, 12], which cover most of the kinematic region
of interest. The predicted integrated muon neutrino flux
in the chosen fiducial volume for our data exposure is
2.02×1012 cm−2.
For the first published T2K oscillation analyses, the

uncertainty on the predicted neutrino flux for this beam
was as large as 20% [13, 14]. For this work, however, the
tuning of the particle production model to NA61/SHINE
measurements led to a substantial reduction in systematic
errors in the flux. With the latest results released by the
NA61/SHINE collaboration on the kaon production cross
section based on the 2007 data [12], the uncertainty of the
integrated flux is now about 11%.
The parameterization of the flux uncertainties is de-

scribed by normalization parameters in bins of neutrino
energy and flavor at the near detector. The different
sources of uncertainty can be separated into two cate-
gories: the hadron production uncertainty and the T2K
beamline uncertainty.
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FIG. 2. The ND280 flux prediction with systematic error
bars, for each neutrino species. The prediction takes into ac-
count the correct relative fractions of 2010 and 2011 beam
conditions.

The uncertainties on hadron production are mainly
driven by the NA61/SHINE measurements and the
Eichten and Allaby data [15, 16], and constitute the dom-
inant component of the flux uncertainty. They include
the uncertainty in the production cross section, the sec-
ondary nucleon production, pion production multiplicity
and kaon production multiplicity.

The second category of flux uncertainties is associated
with operational variations in the beamline conditions
during the data taking. They include uncertainties in
the proton beam positioning, the off-axis angle, the horn
absolute current, the horn angular alignment, the horn
field asymmetry, the target alignment, the position de-
pendence of the flux in the near detector and the proton
beam intensity. The last two uncertainties were found to
be very small and are therefore considered negligible. Ta-
ble I shows the contribution of each source of uncertainty
to the total uncertainty.
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N X
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CCQE	  and	  NC	  elasTc	  measurements	  shown	  for	  first	  
Kme	  here	  this	  week!	  

See	  WG2	  talks	  from	  	  
D.	  Hadley	  (CC),	  	  

D.	  Ruterbories	  (NC)	  

DifferenKal	  cross	  
secKons	  very	  valuable!	  



Much More to Come!
•  MiniBooNE 

–  CC inclusive cross sections 
–  Antineutrino NC elastic 

•  MINERvA 
–  More CCQE results 
–  CC inclusive cross sections, comparisons between nuclear targets 
–  Pion production processes (charged, neutral, coherent, resonant) 
–  Electron scattering, electron neutrino CC interactions 

•  ArgoNeuT 
–  Analysis of higher statistics antineutrino mode data (nu and nubar) 
–  NC π0, de-excitation g, pion production, electron events 

•  T2K 
–  CCQE cross sections 
–  NC channels 
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Future Possibilities!

2.  Fine-grained, low-density detectors 
–  The resolution and thresholds of LAr are fantastic, but we only measure on one pretty 

massive, non-isoscalar nucleus 

–  Coupling trackable hydrogen/deuterium detector (bubble chamber) with well know νµ/νe 
fluxes represents the ideal complex for untangling cross sections and nuclear effects 
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•  The current generation of 
experiments will tell us a lot, but 
flux uncertainties in 5-10% range 
probably best we can do 

•  In some cases, analysis 
techniques used to reduce 
sensitivity to flux uncertainties 

1.  New sources would go a long way 
–  nuSTORM  δΦ(E) < 1% 

–  Narrow band beams 
See	  WG2	  talk	  from	  	  

J.	  Morfin	  on	  Wednesday	  



Motivations Summary!
•  Precision matters (P. Huber’s talk from Monday) 

•  Systematics are key (M. Mezzetto’s talk from Monday)  
–  Uncertainty in interaction and nuclear models often largest systematic on 

oscillation parameters measured through appearance.  Are we even 
accounting for all the things we don’t know in these models?  

•  Accelerator-based neutrino experiments performed in a very 
tricky region for neutrino-nucleus interactions  
–  Eν ~ 1 GeV off nuclear targets 

–  Need to study both signal and background channels 

–  Relationship between visible energy and the true neutrino energy has direct 
impact on extraction of oscillation parameters from data 

•  Be prepared… 
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Conclusions!
•  Busy times in neutrino interaction physics 
– Significant progress in past year from new 

experiments MINERvA, ArgoNeuT and T2K 

– Past year’s results focused on inclusive samples 
and understanding nuclear effects in neutrino 
scattering (especially QE) 

•  Guaranteed to be continued progress by 
NuFact 2014.  See you there! 
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End!
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